ABSTRACT Given that power consumption and short-channel effects exist in a trade-off relationship, there has been much effort to investigate short-channel transistors which enable relative reductions in the operating voltage. Recently, the feasibility of transistors operating at ultra-low voltages with a nanometerscale channel length has been extensively investigated for future nanoelectronics. Here, we demonstrate solution-processed single-walled carbon nanotubes-based thin-film transistors (SWCNT-TFTs) with a sub-20-nm-channel operating at ultra-low voltages which utilize an electromigration technique that induces a broken bridge of nanoparticles. By employing the post-treatment process of thermal annealing in a vacuum, the charge transport of the short-channel SWCNT-TFTs was improved. The origin of such improvements is presumed to reduce the charge impurities, including organic/inorganic residues as defect states, as well as to improve electric contact between the SWCNT and the metal electrode, which strongly affects the one-dimensional charge transport.
I. INTRODUCTION
Over, the last decade, there has been increasing scientific and technological interest in single-walled carbon nanotubes (SWCNTs) for electronic devices and circuits [1] - [3] . This is a result of their excellent chemical and thermodynamic stability, high carrier mobility, large current density, good uniformity over large-areas and extremely large surface-to-volume ratios [4] - [7] . Significantly, random networks of SWCNTs formed by solution-processes at low deposition temperatures (room temperature) in an ambient atmosphere can be integrated into novel device architectures on next-generation flexible electronics to operate the devices such as flexible displays [8] - [10] . However, power consumption and heat dissipation still remain as significant challenges, as there issues hinder the development of such electronics as viable approaches to replace the conventional silicon-based materials [11] - [13] . One promising approach to address this issue is to reduce the operating voltages of individual devices by constructing short-channel transistors with high capacitance of the gate dielectrics. Generally, the channel length of SWCNT-based thin-film transistors (SWCNT-TFTs) is much longer than the average length of nanotubes. In particular, the deteriorated charge transport increases the amount of power used by SWCNTTFTs [14] . The feasibility of transistors which operate at ultra-low voltages with a nanometer channel length has been intensively investigated [15] . It must be noted that it is very difficult to realize high performance SWCNT-TFTs with a sub-100 nm length due to the limitations of conventional fabrication processes such as photolithography and electron-beam (e-beam) lithography.
In this study, we demonstrate high performance SWCNTTFTs with sub-20nm-channels which operate at ultra-low voltages by employing an electromigration technique that induces a broken bridge of nanoparticles. With optimized fabrication processes, the short-channel SWCNT-TFTs exhibit good transfer and output characteristics. The high driving current density at a drain voltage of 0.05 V in the nanoscale devices makes them suitable for high performance nanoelectronics with low power consumption. We also investigate the effects of thermal annealing in a vacuum on the device performance of SWCNT-TFTs with sub-20nm-channel lengths. Reduced impurity scattering realized by means of the removal of defect states is shown to improve the device performance of SWCNT-TFTs. We note that an electromigration technique exhibits the difficulty in scale-up for fabrication of the devices. However, we believe that there is still room to integrate such technique into the solution-process technology based on advanced materials such as SWCNT. We also note that there have many reports to employ it for short-channel transistors based on various semiconducting materials. However, very few have focused on the effect of the post thermal treatments on the electrical characteristics of short-channel SWCNT-TFTs. This is because the nanometer-scale bridge can be easily damaged by physical and/or chemical reaction during the annealing process.
II. EXPERIMENT
Figure 1 (a) shows an illustration of the fabrication process of a sub-100 nm channel, which was realized by utilizing an electromigration technique. A gold contact pad in the source and drain region for the electrical measurements was initially formed after patterning by photolithography. The source and drain electrodes with lengths of 200 nm were then pre-fabricated by e-beam lithography. A 50 nm thick gold film was deposited as the source/drain electrodes using e-beam evaporation under a vacuum of ∼10 −6 Torr. To form a broken bridge, an electric field between the source and drain electrodes was carefully applied. Subsequently, a gradually rising electric field was imposed on the source and drain junctions, thereby facilitating the formation of a bridge into the gap. An amount of a few µL of an assupplied Au nanoparticle (5∼10 nm in diameter) solution (Sigma Aldrich) in water was placed throughout the channel region. The gold nanoparticles which determined the nanometer-scale of source and drain junctions were attracted to the pre-fabricated gap under dielectrophoretic force via the electric field of sinusoidal bias. Very gradual ramping (∼a few mV/s) of electric bias was carefully applied to break the Au bridge on the nanometer scale. For the SWCNT-TFTs, a highly p-doped silicon wafer with resistivity of 0.01 · cm was used as a gate electrode. The charge density induced by applied voltage between the gate and source electrodes in a channel of the SWCNT as determined by the magnitude of the capacitance of the gate dielectric films, affects the device performance underlying the charge transport. In order to reduce the applied voltage between the gate and source electrodes, a 50 nm thick silicon dioxide film was utilized as a gate dielectric in this work. After the cleaning process, the substrates were treated using ultraviolet (UV) radiation in an ozone chamber for 10 minutes. An as-supplied 99% semiconducting SWCNT suspension (a concentration of 1 mg/100 ml in an aqueous solution, NanoIntegris Inc. Iso-Nanotubes-S, diameter range of 1.2∼1.7 nm and average length of 1 µm, and distribution range of 300 nm ∼ 5 µm) was spin-coated onto the gate dielectric film. The surface of the gate dielectric was pre-modified with the amine-based polymer 3-aminopropyltriethoxysilane (APTES) to improve the adsorption of the SWCNTs [16] . A careful surface treatment with the amine-based modification affects the device performance of SWCNT-TFTs. Figure 1 (b) and (c) show an optical image of the pre-fabricated source and drain electrodes and a scanning electron microscopy (SEM) image of the resulting sub-20nm-channel pattern between the source and drain junctions. As shown in the figure, the 19 nmlong-channel was successfully fabricated by employing an electromigration technique which creates nanometer-scale pattern. The length between the junctions can be tuned according to the properties of nanoparticles (i.e., size, solvent, polarity) and the conditions of the applied electric bias (i.e., magnitude, frequency, time). The applied voltages between the drain and the source electrodes and between the gate and the source electrodes were -0.05 V and -5 V, respectively. Thermal annealing was conducted under a vacuum of ∼10 −3 Torr at 200 • C for 1hour. Very careful process during the thermal annealing in vacuum is crucial to protect the nanometer-scale pattern from the damages. 
III. RESULTS AND DISCUSSION
Figure 2 (a) shows the transfer characteristics of the shortchannel SWCNT-TFTs before and after thermal annealing in a vacuum. The pristine short-channel SWCNT-TFTs exhibit good transfer characteristics with field-effect mobility of 137 cm 2 /V-s, a threshold voltage (V th ) of 1.3V and an on-off current ratio of 10 5 . Such results are comparable with those of earlier reported papers on the short-channel SWCNTTFTs in which charge transport was found to be dominant 526 VOLUME 5, NO. 6, NOVEMBER 2017 in a ballistic regime [14] , [17] . However, relatively high sub-threshold swing is attributable to the effects of the surfactants, was observed. Compared to the initial, the use of post thermal annealing reduced the on-current and shifted V th toward 0 V in the short-channel SWCNT-TFTs. The shift in V th is presumed to result from the suppressed effect of the positively charged impurities in the channel. The decreased carrier concentration at an identical gate voltage applied to the SWCNT-TFTs stems from the shift in V th . Figure 2 (b) shows a plot of the drain current on a linear scale as a function of V GS -V th (the difference between the gate voltage and V th ) for the short-channel SWCNT-TFTs, where the slope indicates the field-effect mobility. The optimized SWCNTTFTs with a channel length of 19 nm after thermal annealing in a vacuum exhibit higher field-effect mobility levels of up to 200 cm 2 /V-s. These results can be explained by the improved charge transport, which results from the reduced impurity scattering and the improved electrical contact for the charge injection [18] , [19] . During the processes to fabricate the SWCNT-TFTs, organic/inorganic residues which act as defect states can be induced, thereby interacting with charge carriers in the TFT channels. The impurities of the carbon and those of metal catalyst are the key factor, which determines the quality of the short-channel SWCNTs where the interaction between the charge carriers and impurities plays a dominant role in the charge transport characteristics. Increased field-effect mobility was observed in the shortchannel SWCNT-TFTs after thermal annealing in a vacuum as a post thermal treatment, as this process removed these defect states [20] . In addition to the suppressed effect of the defect states, the enhanced charge injection resulting from the improved interfacial characteristics between the SWCNTs and contacts by thermal annealing in a vacuum affected the charge transport characteristics. The chemical absorption of oxygen or water molecules on the SWCNT and the contact surfaces can be reversed by thermal annealing in a vacuum [21] . Figure 2 (c) shows the output characteristics of short-channel SWCNT-TFTs (with identical gate charges) before and after thermal annealing in a vacuum, where the slope close to 0V of the drain voltage indicates the electrical contact. As shown in the figure, the electrical contact of the SWCNT-TFTs was improved by thermal annealing in a vacuum. A series of experimental and theoretical studies for improved electric contact will be reported elsewhere to extract the value of contact resistance in a nanometerscale channel. Notably, the off-state current remained nearly unchanged in the short-channel SWCNT-TFTs after thermal annealing in a vacuum, as this means that it is very difficult when using the proposed method to exert an effect on the energy band structure of the SWCNT-TFTs [22] . In addition to the electrical properties, it is crucial to investigate the structural properties of SWCNTs for the origin of the improved charge transport characteristics. It may be a result of the conversion of SWCNT suspensions to graphitic carbon and a change in the morphology of the SWCNTs caused by vacuum annealing step. To test these possibilities, atomic force microscopy (AFM) measurements were conducted on spin-coated SWCNT films before and after post thermal annealing, as shown in figure 3 (a) and (b) . The film roughness of pristine SWCNT films is 0.28 nm, while that after thermal annealing in a vacuum is 0.27 nm. In addition, the average diameter of the SWCNTs before and after thermal annealing in a vacuum was mostly unchanged. Figure 3 (c) shows the Raman spectra of the SWCNTs before and after thermal annealing in a vacuum. The intensity ratio between the 2D (at 2700 cm −1 ) and G (at 1580 cm −1 ) peaks and the full width at half maximum of the 2D peak VOLUME 5, NO. 6, NOVEMBER 2017 527 of the SWCNTs were also nearly unchanged after the vacuum annealing step. Interestingly, the D (at 1350 cm −1 ) peak of the Raman spectra in the SWCNTs, well-known to be a defect-induced or disorder-induced peak, showed a slightly decrease, indicating that post thermal annealing improved the charge transport by suppressing the effect of the impurity scattering in the SWCNTs [23] , [24] . These characterizations are evidence that the morphological characteristics as well as the structural conversion of SWCNTs cannot easily be affected by such post-treatment described here. We note that the structural defects in the central and/or edge regime of solution-processed SWCNT films can be cured by much higher temperature up to 1000 • C. However, the organic residues which were induced by surfactants in SWCNT suspensions and solutions during the fabrication processes can be reduced by thermal annealing in a controlled environment. The enhanced device performance of the short-channel SWCNT-TFTs can be conclusively explained by the reduced charge impurities, in this case the aforementioned organic/inorganic residues, as defect states and the improved electric contact between the SWCNTs and the metal electrodes, which has considerable effects on the one-dimensional charge transport characteristics.
IV. CONCLUSION
Here, we have demonstrated an electromigration technique which fabricates short-channel SWCNT-TFTs with 19 nm-long lengths operating at an ultra-low voltage (0.05V). The optimized SWCNT-TFTs exhibit field-effect mobility as high as 200 cm 2 /V-s, a V th close to 0 V and an on-off current ratio of ∼10 5 . We have also investigated the effects of thermal annealing in a vacuum on the device performance of the short-channel SWCNT-TFTs. The improvements in the charge transport of the shortchannel SWCNT-TFTs as outlined here are crucial to those attempting to realize high-performance nanoelectronics which consume low amounts of power. We believe that this study can provide additional important information leading to a better understanding of the one-dimensional charge transport characteristics in nano-scale gaps.
